All relevant data are within the paper and its Supporting Information files. Data underlying the plots are available in the supporting data file [S1 Data](#pbio.3000740.s007){ref-type="supplementary-material"}. The source code for the ECB model is available on GitHub (<https://github.com/wittelf/ECB>) as well as via Zenodo (<https://zenodo.org/record/3799874#.XrlEBi1XbFw>) and can be cited by using the DOI [10.5281/zenodo.3799873](https://doi.org/10.5281/zenodo.3799873) (all versions).

Introduction {#sec001}
============

The hunting mechanism of the carnivorous Venus flytrap (*Dionaea muscipula*), according to Darwin "the most wonderful plant in the world" \[[@pbio.3000740.ref001]\], has attracted the interest of many scientists, starting with the observations made by Edwards and Nutall, who described the excitability of the sensory hairs but still thought that the capture of insects was accidental \[[@pbio.3000740.ref002],[@pbio.3000740.ref003]\]. Only in the 1830s, Curtis realized that the traps were specifically devoted to catching animal prey \[[@pbio.3000740.ref004]\]. Since then, the individual phases---from trap triggering to reopening after successful digestion---have been investigated from different angles (reviewed in \[[@pbio.3000740.ref005]\]). Starving plants attract insects through the secretion of volatile compounds \[[@pbio.3000740.ref006]\]. While exploring the trap for food, wandering insects accidentally touch one of the six sensory hairs distributed on the two lobes of the trap, thereby triggering an action potential (AP) \[[@pbio.3000740.ref007]--[@pbio.3000740.ref012]\]. A second touch-triggered AP within about 30 s causes the trap to snap, and the prey is caught. Further APs triggered by the struggling prey induce jasmonic acid biosynthesis and signaling \[[@pbio.3000740.ref013], [@pbio.3000740.ref014]\], which seals the trap tightly and eventually leads to the formation of the "green stomach," a digestive cocktail that mobilizes prey-derived nutrients \[[@pbio.3000740.ref012], [@pbio.3000740.ref015], [@pbio.3000740.ref016]\].

Here, we focus on the translation of the mechanical stimulation of the sensory hairs into an electrical signal. Although there is a general agreement that sensory-hair deflection opens mechanosensitive ion channels, such channels have not yet been identified \[[@pbio.3000740.ref017], [@pbio.3000740.ref018]\]. While these putative channels are open, a receptor potential (RP) builds up \[[@pbio.3000740.ref010], [@pbio.3000740.ref019]\], and, if the deflection is large enough, the RP reaches a threshold above which an AP is elicited. Previous attempts to correlate the mechanical stimuli to the generation of APs suffered from the lack of appropriate instrumentation \[[@pbio.3000740.ref010], [@pbio.3000740.ref019]\] and thus were not quantitative, and/or the experiments were done in fixated or dissected, nonfunctional traps \[[@pbio.3000740.ref020]\]. To overcome these shortcomings, we used a microelectromechanical system (MEMS)-based force sensor mounted on a microrobotic system to precisely control the velocity and amplitude of the deflection and to simultaneously measure the applied force in vivo (Figs [1A and 1B](#pbio.3000740.g001){ref-type="fig"} and [2](#pbio.3000740.g002){ref-type="fig"}). In this way, we were able to accurately quantify the parameter range in which hair deflection leads to trap closure, while a second force sensor measured the generated snap force ([Fig 2](#pbio.3000740.g002){ref-type="fig"}). In addition, using a noninvasive method, we measured APs to test the deflection conditions under which they are generated.

![Double deflection and sustained displacement of sensory hairs.\
(A) Experimental setup showing a MEMS-based force sensor placed next to a sensory hair. The metal levers prevent the trap to close upon triggering and simultaneously measure the snap force via a load cell. (B) Scheme of a deflection experiment. The sensory hair is deflected by a linear movement of the sensor probe whereby the force *F* is measured. Angular displacement *θ*, angular velocity *ω*, and the torque *τ* can be determined (for details, see [Materials and methods](#sec009){ref-type="sec"} and [Fig 2D](#pbio.3000740.g002){ref-type="fig"}). (C) Successive double deflections of the sensory hair at increasing angular displacement ("disp.") with recorded torque and voltage. (D) Individual measurements showing the double deflection that led to trap triggering (green circles) and the preceding, nontriggering one (red triangles). The experiment shown in (C) is indicated. (E) Descriptive statistics of the angular displacement and torque threshold for double deflections that initiated trap closure. The horizontal line indicates the median, the box the 25th and 75th percentiles, and the whiskers extend to the most extreme data points without outliers. (F) Angular displacement of the sensory hair sustained for 30 s with recorded torque and voltage. For the underlying data see sheets Fig 1C to Fig 1F in [S1 Data](#pbio.3000740.s007){ref-type="supplementary-material"}. MEMS, microelectromechanical system.](pbio.3000740.g001){#pbio.3000740.g001}

![System configuration to investigate the necessary mechanical stimulation of the sensory hair triggering trap closure while measuring the resulting forces and APs.\
(A) The system combines a force probe to precisely control the deflection of sensory hairs and a second force sensor that measures the subsequent snap forces. Two USB microscopes are used to observe the experiment. (B) Close-up of the deflection force sensor used to deflect the sensory hair in direction parallel to the midrib. (C) View from the USB microscope 1 (on the right in A) used to extract the geometry of the sensory hair. (D) Schematic side view of hair deflection where the velocity *v*, the deflection *d*, and the force *F* are controlled and monitored. (E) For AP measurements, one electrode was connected to the metal lever and the other one inserted into the soil. AP, action potential; MEMS, microelectromechanical system; USB, universal serial bus.](pbio.3000740.g002){#pbio.3000740.g002}

Results {#sec002}
=======

Two fast, consecutive deflections trigger trap snapping if a certain angular displacement or torque is reached {#sec003}
--------------------------------------------------------------------------------------------------------------

Reasoning that hair deflection induced by spiders, ants, and flies---i.e., the "classical" prey of *D*. *muscipula* \[[@pbio.3000740.ref021]\]---would be rather quick, we operated the microrobotic system at full speed to simulate these stimuli, resulting in high initial angular velocities ranging from 10 to 20 rad s^−1^. This is in the same range as Scherzer and colleagues found for moving ants, which deflect the sensory hair with an angular velocity of 0.25--7.8 rad s^−1^ \[[@pbio.3000740.ref020]\] but much slower than the leg movements of houseflies \[[@pbio.3000740.ref022]\]. At such high velocities, the duration of a deflection is much shorter than other involved time-dependent factors, such as the decay of the RP \[[@pbio.3000740.ref019]\] and the relaxation of the sensory hair ([Fig 1F](#pbio.3000740.g001){ref-type="fig"}). Considering angular rather than linear deflection allowed us to correct for differences in the contact height of the sensor probe relative to the constriction site of the sensory hair as well as for different sensory-hair geometries (Figs [1B](#pbio.3000740.g001){ref-type="fig"}, [2C and 2D](#pbio.3000740.g002){ref-type="fig"}). Therefore, a single deflection can be approximated by a discrete increase in the angular displacement, and the triggering of an AP mostly depends on the magnitude of the angular displacement. We defined a single deflection as the combination of a back-and-forth angular displacement, similar to what happens when an animal touches the hair. Each measurement consisted of two subsequent deflections with a 1-s gap between them, up to a predefined angular displacement *θ*. If the trap did not close, we waited for 2 min to make sure that the RP was completely reset. Since RP measurements are destructive and not compatible with our noninvasive in vivo experiments, we relied on data from the literature \[[@pbio.3000740.ref010], [@pbio.3000740.ref019]\]. The duration of this waiting period was chosen because a series of earlier experiments had demonstrated that, at temperatures below 30°C, two deflections within 30--40 s were necessary to rapidly and completely close the trap. Although a summation effect was reported in these publications, at least five deflections spaced by 2 min were necessary to induce trap movements, which were always slow and/or partial \[[@pbio.3000740.ref023]--[@pbio.3000740.ref025]\]. After the dwell time, the procedure was repeated with increasing angular displacements until the snapping mechanism was triggered ([Fig 1C and 1D](#pbio.3000740.g001){ref-type="fig"}), which was the case when a median displacement threshold of *θ* = 0.18 rad or a median torque threshold of *τ* = 0.8 μN m (*n* = 21) was reached. We never observed trap closure below *θ* = 0.12 rad and *τ* = 0.50μN m ([Fig 1E](#pbio.3000740.g001){ref-type="fig"} and [S1A Fig](#pbio.3000740.s001){ref-type="supplementary-material"}), such that this represents the lower limit of angular deflection, which is necessary to trigger trap closure under our conditions. Using the torque threshold, we determined that an animal has to apply twice a force *F* around 0.5 mN close to the tip of a sensory hair with a length of 2 mm, or up to 5 mN close to the constriction ([S1B Fig](#pbio.3000740.s001){ref-type="supplementary-material"}), to trigger closure.

AP measurements provide the link between sensory-hair deflection and trap closure. When the two consecutive deflections were well below the displacement threshold (θ \<\< 0.12 rad), we never observed an AP. For deflection amplitudes near the displacement threshold (θ \< 0.12 rad), a single AP was elicited after the second deflection. This indicated that both deflections contribute to the RP and that the AP induction threshold was only reached with the second deflection. As expected, a single AP was not sufficient to trigger trap closure. The assumption that each touch triggers an AP only applied if the sensory-hair deflection exceeded the displacement threshold. If this was the case, two APs, one for each deflection, were generated and led to trap closure ([Fig 1C](#pbio.3000740.g001){ref-type="fig"} and [S1 Video](#pbio.3000740.s004){ref-type="supplementary-material"}).

These results suggest that a fast deflection of the sensory hair increases the RP to a certain level, which depends on the amplitude of the angular deflection. RPs can add up and may elicit an AP after several deflections if they are below the deflection threshold. However, the generation of one AP per touch only holds true if sensory-hair deflection is above the deflection threshold.

Sustained angular displacement does not trigger trap closure {#sec004}
------------------------------------------------------------

Since the increase of the RP from multiple deflections is additive, the question arose whether a sustained displacement had a similar effect. To test this, we deflected the sensory hairs far beyond the angular displacement threshold and kept that position for 30 s ([Fig 1F](#pbio.3000740.g001){ref-type="fig"}). None of the traps closed during sustained displacement (*n =* 11, *θ* = 0.31 rad ± 0.07 rad, mean ± standard deviation). The initial displacement elicited a single AP, after which the voltage quickly returned to the baseline, despite the hair staying deflected. If sustained displacement had contributed to the RP, it should have remained above the threshold, in which case we would expect a series of APs. Our observations, in agreement with Jacobson \[[@pbio.3000740.ref010]\], confirm that a change in angular displacement (i.e., the deflection rate) plays a pivotal role to build up the RP, whereas static deflections do not contribute. This is in contrast to an earlier finding in which prolonged manual displacement led to trap closure \[[@pbio.3000740.ref026]\]. However, the oscillations that come with manual hair deflection are probably larger than the angular displacement threshold and may therefore represent multiple displacements rather than a single sustained displacement.

An electromechanical charge buildup (ECB) model predicts single-touch trap snapping {#sec005}
-----------------------------------------------------------------------------------

Based on these findings, we developed a simple model to explore the limits of angular displacement and velocity within which the traps would react. In our ECB model, a mechanical deflection leads to a charge buildup of the RP as a function of the angular velocity *ω* and the displacement *θ*, while the charges continuously dissipate. If the accumulated charges surpass a certain threshold value $Q_{RP}^{th}$, an AP is elicited. Additionally, we implemented a refractory period *t*~*RP*~, representing the time interval required before another AP can be induced \[[@pbio.3000740.ref027], [@pbio.3000740.ref028]\]. In the Venus flytrap, subsequent APs separated as close as 0.75--1 s were reported \[[@pbio.3000740.ref016], [@pbio.3000740.ref026]\]. The model reproduced the experimentally found bounds for double deflections and predicted that if the deflections are too fast and/or too small, more than two deflections might be required to trigger trap closure (red area in [Fig 3A](#pbio.3000740.g003){ref-type="fig"}) because a single deflection is not sufficient to elicit an AP ([Fig 3B](#pbio.3000740.g003){ref-type="fig"}), something we also observed in our experiments ([Fig 1C](#pbio.3000740.g001){ref-type="fig"}, middle). Similarly, the model showed that very low angular velocities (*ω*\< 0.04 rad s^−1^) cannot fill up the RP. Unexpectedly, the model predicted a range of intermediate angular velocities (0.04 rad s^−1^ \<*ω*\< 10 rad s^−1^), at which a single deflection is sufficient to elicit the two or more APs that are necessary to initiate trap closure ([Fig 3B](#pbio.3000740.g003){ref-type="fig"}).

![ECB model.\
(A) Prediction of the number of action potentials triggered for a single deflection with consecutive waiting time as function of angular displacement ("disp.") *θ* and velocity *ω*, confronted with experimental observations for cases in which trap closure was triggered by single (blue circles) and double deflections (green circles). (B) Number of deflections necessary to trigger trap closure with phases of one, two, or three deflections compared to the findings for single- (blue circles) and double-deflection (green circles) experiments. For the underlying data, see sheet Figs 3A and B in [S1 Data](#pbio.3000740.s007){ref-type="supplementary-material"}. ECB, electromechanical charge buildup.](pbio.3000740.g003){#pbio.3000740.g003}

A single deflection at intermediate angular velocity triggers trap closure {#sec006}
--------------------------------------------------------------------------

As single-deflection trap triggering is contrary to the accepted view, we wanted to experimentally test this prediction of the model. Indeed, we observed trap closure induced by single deflections at lower angular velocities ([S2 Video](#pbio.3000740.s005){ref-type="supplementary-material"}). To narrow down the range in which this occurs, we repeatedly deflected the same sensory hair with varying angular velocities until the trap closed. Between two consecutive deflections, we waited 2 min for the trap to recover and any RP to dissipate.

The lower boundary of the angular velocity *ω* required for single-deflection closure was determined by incrementally increasing it after every deflection (*n =* 17). An initial velocity below 0.009 rad s^−1^ was chosen, which never resulted in trap closure. Subsequent single deflections were performed at increasing velocities until the trap shut ([Fig 4A](#pbio.3000740.g004){ref-type="fig"}). The higher boundary was similarly determined by starting with a velocity *ω* \> 3 rad s^−1^, followed by a stepwise decrease until the trap shut (*n =* 9). Additionally, we performed another set of single-deflection experiments (*n =* 5), in which the speed of the force probe was kept constant, leading to an intermediate angular velocity between 0.2 and 0.4 rad s^−1^, while the angular displacement *θ* was gradually increased during subsequent deflections in order to get the lower boundary of *θ* required to trigger trap closure by a single deflection.

![Slow single deflections lead to trap closure.\
(A) Successive single displacements ("disp.") of the sensory hair with increasing angular velocity while the torque is recorded. (B) Individual single-deflection experiments showing the stimulus that initiated trap closure (green circles) and the preceding, nontriggering deflection (red triangles). The specific experiments shown in (A), (C), and (D) are indicated. (C and D) Single deflections at an intermediate velocity that led to trap triggering where either (C) two APs were generated during bending (on the way in), or (D) one AP is fired at the beginning of bending (on the way in) and a second at the end of the return (on the way out). Only the data up to the start of the trap closure were used. The data affected by motion artifacts are indicated by dotted lines. For the underlying data, see sheets Fig 4A to Fig 4D in [S1 Data](#pbio.3000740.s007){ref-type="supplementary-material"}. AP, action potential.](pbio.3000740.g004){#pbio.3000740.g004}

All the single deflections resulting in trap closure, together with the preceding stimuli for which no trap closure was observed, define the region where a single deflection triggers closure ([Fig 4B](#pbio.3000740.g004){ref-type="fig"} and [S1C Fig](#pbio.3000740.s001){ref-type="supplementary-material"}). The model output for single-deflection triggers covers a similar parameter space as experimentally obtained for angular deflection *θ* versus angular velocity *ω*. We observed that a single deflection can trigger trap closure at intermediate angular velocities of the deflection (0.03 rad s^−1^ ≤ ω ≤ 4 rad s^−1^) but is not sufficient at slower or faster angular velocities (see [S2 Fig](#pbio.3000740.s002){ref-type="supplementary-material"} for experimental data on single and double deflections). Incorporating the single-deflection experiments into the model provides a better prediction of the area in which a single touch can lead to two APs and thus trap closure ([Fig 3A](#pbio.3000740.g003){ref-type="fig"}).

In the slow-velocity deflection experiments, we were able to determine whether trap triggering happened while advancing (*n =* 6) or retracting (*n =* 11) the force probe. Our results indicate that both back and forward displacements contribute to the overall RP level. AP measurements disclosed how these single deflections lead to trap closure. When the trap closed during the advancement of the force probe, two APs, one shortly after the other, were observed during the bending of the hair (advancing the probe) ([Fig 4C](#pbio.3000740.g004){ref-type="fig"} and [S3 Video](#pbio.3000740.s006){ref-type="supplementary-material"}). In the second case (triggering during retraction), one AP was fired during initial bending and a second while retracting the sensor probe as the hair returned to its original position ([Fig 4D](#pbio.3000740.g004){ref-type="fig"}). In both cases, the second AP led to immediate trap closure.

Quantification of the trap snap forces and torques {#sec007}
--------------------------------------------------

In addition to the deflection parameters, we also measured the snap force developed by the triggered trap ([Fig 5A](#pbio.3000740.g005){ref-type="fig"}). A median snap force *F*~*close*~ of 73 mN was determined from 48 different traps ([Fig 5B](#pbio.3000740.g005){ref-type="fig"}), ranging from 18 to 174 mN in extreme cases. These values are slightly lower than the previously published 140--150 mN measured with a piezoelectric sensor film \[[@pbio.3000740.ref029], [@pbio.3000740.ref030]\]; however, we measured the force at the beginning of snapping while Volkov and colleagues measured the impact of the lobe rims. Because the measured force strongly depends on the force sensor\'s position, as well as on the orientation and size of the leaf, the closing torque around the midrib *τ*~*close*~ with a median of 0.65 mN m is a better quantity to characterize the trap\'s closing force ([Fig 5C](#pbio.3000740.g005){ref-type="fig"}). The delay time, i.e., the time between the mechanical stimulus and the start of trap closure, was 0.6 ± 0.3 s (mean ± standard deviation, *n* = 18) based on video analysis, which is in the same range as the 0.4 s previously reported \[[@pbio.3000740.ref031]\].

![Snap force and torque measured with the snap force sensor.\
(A) Typical force curve after trap closure induced by double deflection. (B) Descriptive statistics of the snap force right below the marginal teeth and (C) the closing torque around the midrib of a triggered flytrap. The horizontal line indicates the median, the box the 25th and 75th percentiles, and the whiskers extend to the most extreme data points. For the underlying data, see sheets Fig 5A to Fig 5C in [S1 Data](#pbio.3000740.s007){ref-type="supplementary-material"}.](pbio.3000740.g005){#pbio.3000740.g005}

Discussion {#sec008}
==========

We precisely quantified the mechanical parameters that play a role in the Venus flytrap\'s snapping mechanism in vivo and correlated them with the electrical signals that transduce this touch information ([Fig 6](#pbio.3000740.g006){ref-type="fig"}).

![Schematic summary of the closing behavior of a Venus flytrap when its sensory hair is subjected to various controlled mechanical stimuli.\
(A) A low angular velocity cannot fill up the RP and does not create an AP. (B) A deflection at an intermediate angular velocity keeps the RP close to its threshold and can lead to the release of two APs triggering the trap. (C) A fast deflection results in an AP if the deflection is larger than the angular displacement threshold *θ*~*th*~. If this deflection is repeated a second time within about 30 s, a second AP will result in trap closure. Repeating deflection below *θ*~*th*~ can fill up the RP to emit an AP. (D) Sustained displacement is a combination of a fast displacement as in (C) with keeping the sensory hair bent at a constant displacement. A single AP is generated during the initial step. While the sensory hair is kept deformed, however, no RP is built up, and the trap will not close. AP, action potential; RP, receptor potential.](pbio.3000740.g006){#pbio.3000740.g006}

Our mechanical data are largely in agreement with those recently published by Scherzer and colleagues, although in their experiments, the sensory hairs seem to be a bit more sensitive than in ours. This could be due to several reasons, such as differences in sensor calibration methods or the environmental conditions during the experiments. It has been documented that the trap closure mechanism is more sensitive at higher temperatures. However, Scherzer and colleagues demonstrated that only the stimulation efficiency increased with higher temperatures, whereas the mechanical properties of the sensory hairs were unaffected \[[@pbio.3000740.ref020]\]. Therefore, an alternative explanation for the small differences in the sensory hairs\' mechanical properties could be the distinct biological conditions of the traps during the deflection experiments. We performed all our experiments on intact, well-watered plants. In our hands, detachment or bisection of the traps quickly led to partial dehydration, and lower forces were necessary to deflect the sensory hair. Furthermore, data gained from experiments on partially dehydrated plants would be difficult to interpret because the sensory hairs would bend along the shaft upon deflection. In contrast, sensory hairs of fully hydrated plants bend mainly at the constriction whereas the shaft is hardly deformed ([S2 Video](#pbio.3000740.s005){ref-type="supplementary-material"}). Nevertheless, the angular deflection and angular velocity values we measured are in the same order of magnitude not only with those obtained by Scherzer and colleagues using a force sensor but also with the values they measured when ants walked against the sensory hairs. This strongly indicates that our results reflect values that could occur in nature.

Using these parameters in a simple electromechanical model showed that single deflections of the sensory hair should be able to generate two APs, and thus lead to trap closure, a prediction that could be experimentally verified ([Fig 4](#pbio.3000740.g004){ref-type="fig"}). In the observed cases, trap closure was not the result of the summation of subthreshold RPs from preceding nontriggering deflections, because the dwell time between the deflections was chosen long enough for the membrane potential to reset \[[@pbio.3000740.ref023]--[@pbio.3000740.ref025]\]. Moreover, we observed single trap closure without any prestimulation in several cases when the sensory hair was deflected with an angular velocity of 0.03 rad s^−1^ ≤ ω ≤ 4 rad s^−1^ ([S3 Fig](#pbio.3000740.s003){ref-type="supplementary-material"} and [S2 Video](#pbio.3000740.s005){ref-type="supplementary-material"}). Our results thus contradict the old dogma that two deflections are necessary to provoke trap closure but confirm that at least two APs must be elicited to trigger the snapping mechanism.

Taken together, our results show that an increasing strain on either side of the sensory hair\'s constriction is the determining factor for the generation of APs. We propose a mechanism in which the putative mechanosensitive channels in the plasmamembrane of the sensory cells at the constriction are open as long as they are stretched. Since this effect is counteracted by a membrane\'s natural tendency to relax (the global effect is seen in the sharp force decay in our sustained displacement experiment, [Fig 1F](#pbio.3000740.g001){ref-type="fig"}), an increasing strain on the sensory hair is required to keep the channels open. As a consequence, the mechanosensitive channels will not open if the strain rate is too low (very slow deflection or sustained displacement). In a classical situation, when the deflection is fast and the angular displacement large enough (i.e., when an insect touches the sensory hair), the RP threshold is reached and a single AP is generated. In the case of a slower deflection, the RP threshold is reached during the deformation, eliciting an AP while the membrane is still under strain, thus reaching a second RP threshold during the same deflection. A second AP and thus trap closure are the consequence. Since the velocity range for single-touch snapping is far below that of the classical Venus flytrap prey, we can only speculate about the relevance of this observation in nature. However, one can imagine that it could be an advantage for catching slower prey animals, such as slugs, snails, or larvae, which may not touch a hair twice within a 30-s time span but for which anecdotal evidence suggests they can be prey.

Materials and methods {#sec009}
=====================

Venus flytraps {#sec010}
--------------

Our Venus flytrap population of about 100 plants was grown from seeds in 2011. The original seed batch was a donation from the Botanical Garden Zurich ([https://www.bg.uzh.ch](https://www.bg.uzh.ch/)). Once a year, the plants were split and repotted into 9-cm clay pots, which were reused after they had been cleaned from moss. As a substrate, we used a mix of 90% white peat (Zürcher Blumenbörse, Wangen, Switzerland) and 10% granulated clay (SERAMIS Pflanz-Granulat, Westland Schweiz GmbH, Dielsdorf, Switzerland). The Venus flytraps were grown in a greenhouse at 60% relative humidity and a temperature regime of 18°C--23°C during the day and 16°C--21°C during the night. Plants were grown under normal daylight, morning and evening periods being extended by 400-W metal-halide lamps (PF400-S-h, Hugentobler Spezialleuchten AG, Weinfelden, Switzerland) to ensure a day length of 16 h. The lamps were also turned on when the daylight was insufficient. Rainwater was used to irrigate the plants whenever possible. For the experiments, plants were transported in an insulated moisture chamber from the greenhouse to the laboratory. All experiments were performed in vivo at temperatures between 19°C and 21°C. Plants were put back into the moisture chamber after every set of measurements.

System configuration for force measurements {#sec011}
-------------------------------------------

The system for force measurements consists of two subsystems, the first of which combines a force probe with a microrobotics system to quantify the sensory-hair deflection parameters. The second subsystem uses a load cell, metal levers, and hinges to measure the snap forces of the trap ([Fig 2A and 2B](#pbio.3000740.g002){ref-type="fig"}). The second subsystem also serves to protect the force probe of the first subsystem from damage by preventing the trap from closing when the snapping mechanism was triggered. In addition, we attached the electrode for measuring APs to the metal levers, such that it was not necessary to reattach the electrode to each individual trap measured.

Sensory-hair deflection {#sec012}
-----------------------

The deflection force sensor is a MEMS-based capacitive force sensor (FT-S1000-LAT; FemtoTools AG, Buchs, Switzerland) with a force range of ±1,000 μN and a standard deviation of 0.09 μN at 200 Hz, which measures the forces applied to a force probe (50 × 50 μm) in *x* direction. The force signal was recorded with a multifunction I/O device (NI USB-6003; National Instruments \[NI\], Austin, TX, United States of America). The deflection force sensor was mounted via a custom-made acrylic arm to an *xyz* positioner (SLC-2475-S; SmarAct, Oldenburg, Germany) with a closed-loop resolution of 50 nm.

The deflection force sensor was placed inside the trap with the force probe in front of a sensory hair guided by the optical feedback of two USB microscope cameras ([Fig 2A and 2B](#pbio.3000740.g002){ref-type="fig"}). The view from USB microscope 1 (DigiMicro Profi; DNT, Dietzenbach, Germany) is used to position the probe laterally in the center of the hair and to extract the length of the sensory hair *H* and the distance *h* of the contact point of the sensor probe relative to the constriction ([Fig 2C](#pbio.3000740.g002){ref-type="fig"}). For that purpose, a reference step of 500 μm was performed with the force probe in *z* direction, and the pictures captured at start and end position were used to determine the distance-per-pixel value. USB microscope 2 (DigiMicro; DNT), oriented perpendicularly to the first one, was used to bring the force probe in close proximity of the sensory hair. Additionally, the force sensor could be automatically placed at a defined distance from the hair by finding contact using the force readout and then moving back to a defined position.

We defined a single deflection as a combination of back-and-forth angular displacement of the sensory hair caused by the advance and return of the force probe in *x* direction (i.e., parallel to the midrib). This movement is parallel to the force-sensitive direction of the force probe and also ensures a perpendicular contact between force probe and sensory hair. The velocity of the sensor probe *v* during deflection can be defined, and either a maximum linear displacement *d* or a maximum force *F* is set to define the maximum deflection ([Fig 2D](#pbio.3000740.g002){ref-type="fig"}). The position control was used for the double deflections, where the angular displacement had to be increased incrementally between subsequent experiments. The force feedback mode was used in the single-deflection experiments to ensure maximum sensory-hair displacement without damaging the deflection force sensor.

The initial angular velocity *ω* is then given as $$\omega = \frac{v}{h}$$

Furthermore, the angular displacement *θ* during the deflection is given by $$\theta = \arctan\frac{d}{h}$$

The applied torque *τ* is given by $$\tau = F \cdot h$$

Feedback control and data logging of forces and positions during the deflection were executed in LabVIEW.

AP measurements {#sec013}
---------------

APs were recorded by connecting an electrode to one of the metal lever arms of the snap force sensor and inserting the reference electrode into the soil ([Fig 2E](#pbio.3000740.g002){ref-type="fig"}). Insulating tape was used to cover most of the lever, only exposing the tip that is in contact with the trap leaf. A droplet of conductive gel (Compex Gel 250G, Digitec Galaxus AG) was applied between tip and leaf to guarantee a better contact area, stabilizing the readout, and increasing the signal. The voltage between the two electrodes was read out using an analog input module (NI USB-6003; NI, Austin, TX, USA).

Snap force measurements {#sec014}
-----------------------

The snap force sensor consisted of two metallic lever arms, which transferred the force of the closing trap onto a load cell (31E Mid; Althen Sensors & Controls, Leidschendam, the Netherlands) with a load capacity of 50 N and a resolution of 75 mN ([Fig 7A](#pbio.3000740.g007){ref-type="fig"}). Both arms were hinged at one end, thus opening and closing similar to a second order lever. The load cell was fixed onto one of the lever arms, while an adjustable screw was inserted into the other lever arm at the same distance *l*~*cell*~ from the hinge. The gap between the two levers could then be adjusted by loosening or tightening the screw in order to measure flytraps of variable sizes and shapes. The snap force sensor was mounted on a labjack and placed on a manual *xy* stage. This setup allowed the precise spatial positioning of the lever arms within the trap.

![Snap force sensor setup.\
(A) Top view of the snap force sensor with a triggered trap. (B) Schematic top view of the snap force sensor showing how the force generated by the flytrap is transmitted onto the load cell. (C) Relation between measured force *F*~*close*~, the height of the levers, and the closing torque *τ*~*close*~. (D) Schematic of the measured geometries, i.e., width *w* and length *l* of a trap.](pbio.3000740.g007){#pbio.3000740.g007}

The relation between the force *F*~*close*~ applied at the lever by a closing trap and the resulting force at the load cell *F*~*cell*~ ([Fig 7B](#pbio.3000740.g007){ref-type="fig"}) is given by $$F_{cell} \cdot l_{cell} = F_{close} \cdot l_{trap}$$ where *l*~*cell*~ and *l*~*trap*~ are the distances from the hinge to the load cell and to the middle of the trap leaf, respectively. The closing torque *τ*~*close*~ is given by $$\tau_{close} = F_{close} \cdot H_{midrib}$$ where *H*~*midrib*~ is the height between midrib and metal lever ([Fig 7C](#pbio.3000740.g007){ref-type="fig"}). *H*~*midrib*~ was determined using the ratios between width and length of the trap leaf ([Fig 7D](#pbio.3000740.g007){ref-type="fig"}) and the top-down images of every individual experiment. The width and the length of 31 leaves were measured with a caliper to determine the ratio. The ratio *w*/*l* of the leaves had a mean value of 0.59 and a standard deviation of 0.04. The mean value was used to calculate the torque for the remaining 16 experiments, in which we did not measure the traps\' geometries.

The lever arms were carefully moved into the trap while maintaining an optimal gap between them to prevent contact with the sensory hairs. The gap between the levers was then increased until they contacted the surfaces of the lobes on both sides and underneath the marginal teeth. This configuration was maintained throughout the sensory-hair deflection experiments, in which it reduced perturbations by fixing and stabilizing the two lobes of the trap. By keeping the two lobes of the trap open even after closure had occurred, we could ensure that the deflection force sensor would not get damaged. The force signal was continuously recorded using a analog input module (NI USB-6009; NI, Austin, TX, USA).

Additionally, the time between mechanical stimulation and trap snapping (i.e., delay time) was determined by counting the frames recorded by the USB microscope between the second deflection of a hair and the first movement of the trap. The resolution of the snap force sensor with a reading frequency of 10 Hz would have been well suited for the delay-time analysis. However, since the snap force sensor and the deflection force sensor were not synchronized, we had to resort to the somewhat less accurate analysis of the videos.

ECB model {#sec015}
---------

To provide a comprehensive insight into the electromechanical events pertaining to the snapping of the Venus flytrap, an empirical ECB model is implemented, based on concepts of mechanotransduction and plant electrical memory. The model uses as input the angular velocity *ω* versus time *t* profiles, which can comprise arbitrary waiting times between multiple stimuli. As output, it evaluates the number of APs that can be triggered via mechanical stimulation and further predicts the initiation of trap closure. Trap tissue is known to be capable of accumulating charges and firing APs when a threshold has been attained. Taking the findings of Volkov \[[@pbio.3000740.ref032]\] and Jacobson \[[@pbio.3000740.ref010]\], triggering of trap closure is a two-step procedure involving memory effects on different time scales---namely, the sensory memory (SM) and short-term memory (STM). By external injection of charges with a capacitor, the time scale of SM was found to range between 0.2 and 3 s, whereas STM of the trap was found to have an effect for several seconds to as long as a minute. As charge builds up in the SM, the RP increases until a charge threshold $Q_{RP}^{th}$ has been attained, and then an AP is fired. At the onset of an AP, the STM witnesses a charge buildup with simultaneous decay, and when the amount exceeds a threshold $Q_{STM}^{th}$, the trap was found to close \[[@pbio.3000740.ref033]\]. By combining these findings with our own observations, we developed an empirical ECB model to provide a comprehensive picture of trap snapping.

The model comprises (1) simple mechanotransduction of the stimulus; (2) buildup and decay of the RP and the triggering of APs; and (3) accumulation and decay of charges in the STM with triggering of trap closure, when charges exceed a threshold ([Fig 8](#pbio.3000740.g008){ref-type="fig"}). To incorporate the possibility of desensitization \[[@pbio.3000740.ref020]\], an extension to sensitivity and charge transfer is made.

![Flow diagram of the model implementation.\
*t* denotes the total time of the experiment, that goes from *t* = 0 up to *t* = *t*^*end*^, and *t*\* is the relative time since the triggering of the last AP. Note that the reduction factor *RF* is kept as *RF* = 1 for the simulations. AP, action potential.](pbio.3000740.g008){#pbio.3000740.g008}

6.  Mechanotransduction is implemented by relating the charge increment $\Delta Q_{RP}^{n + 1}$ with *ω*, by using a sensitivity multiplier *k* that is reduced for increasing charges $Q_{RP}^{n}$ as in a feedback loop. Accordingly, the charge $\Delta Q_{RP}^{n + 1}$ added at every step with angular speed *ω*(*t*) during the time increment Δ*t* reads $$\Delta Q_{RP}^{n + 1} = k \cdot \left( {1 - \frac{1}{\exp( - a(Q_{RP}^{n} - c))}} \right) \cdot \omega(t) \cdot \Delta t.$$ The sigmoidal membership function provides a continuous desensitization for increasing $Q_{RP}^{n}$ with the parameters *a* = 1.99, *c* = 3.48, and *k* is obtained as *k* = 40.20 μC rad^−1^ to best describe the experimental results. When *ω* = 0 rad s^−1^ (i.e., when sensory hairs are simply held at a constant deflection), the RP does not increase. Furthermore, to avoid excessive charge buildup $\Delta Q_{RP}^{n + 1}$ for very fast deflections, a limiting flux ${\overset{˙}{Q}}_{RP}^{lim}$ is required. This is regulated by taking the minimum of a sigmoidal flux limitation law $$\Delta Q^{\prime} = \frac{1}{1 + \exp( - 5 \cdot \frac{\Delta Q_{RP}^{n + 1}}{\Delta t{\overset{˙}{Q}}_{RP}^{lim}})}$$ and $\Delta Q_{RP}^{n + 1}$ itself, where maximum charge flux is limited to ${\overset{˙}{Q}}_{RP}^{lim}$ = 93.2 μC s^−1^, identified experimentally through the limitation of snapping for high *ω*. Note that advance and return phases for the hair deflection equally contribute to the charge buildup.

7.  Resulting RP is continuously reduced because of charge diffusion via the exponential characteristic decay constant *τ*~*RP*~ \[[@pbio.3000740.ref033]\] using the relation $$Q_{RP}^{n + 1} = Q_{RP}^{n} \cdot exp( - \Delta t/\tau_{RP}) + \Delta Q_{RP}^{n + 1}.$$ The value of *τ*~*RP*~ = 0.64 determines the limit for snapping at low *ω*. If the threshold $Q_{RP}^{th}$ = 1 for triggering an AP is reached, an AP is triggered. After an AP is triggered, RPs continue to increase if the stimulus continues, but an AP can only be fired after a constant refractory period *t*~*RP*~ = 1.03 s \[[@pbio.3000740.ref028]\].

8.  After an AP has been triggered, a charge *Q*~*AP*~ = 6 μC is transmitted to the STM. To meet measurements of Scherzer \[[@pbio.3000740.ref020]\] for repeated triggering and desensitization, consecutive *Q*~*AP*~s have the possibility to be reduced by a constant factor *RF*. For simplicity, we have configured *RF* = 1. Note that in our experiments, it is unclear whether earlier deflections that did not result in trap triggering did or did not trigger APs. Charges in the STM again exponentially decrease (same as [Eq 8](#pbio.3000740.e019){ref-type="disp-formula"}) but with decay constant *τ*~*STM*~ = 39.71 s \>*τ*~*RP*~. If the charge threshold for triggering $Q_{STM}^{th} = 1.67 \cdot Q_{AP}$ is reached, trap closure is initiated; however, the continuation of the stimulus for high RPs that did not decay below the threshold can trigger further APs after the refractory period. If the threshold is not reached, additional deflections are imposed to supplement *Q*~*RP*~.

The model, therefore, only comprises the two decay constants for RP and STM (*τ*~*RP*,*STM*~), two respective thresholds ($Q_{RP,STM}^{th}$), the charge-dependent mechanotransduction rule, as well as refractory period (*t*~*RP*~), maximum flux (${\overset{˙}{Q}}_{RP}^{lim}$), and a reduction factor for consecutive APs. The last two parameters are not needed to represent the experimental data but to avoid unrealistic predictions for the full parameter space. Note that $Q_{STM}^{th},\ Q_{RP}^{th}$, and *Q*~*AP*~ are fixed a priori, whereas the other parameters ($\tau_{RP,STM},\ t_{RP},\ {\overset{˙}{Q}}_{RP}^{lim},\ k,\ a,\ c$) are determined by a multidimensional optimization procedure using surrogate models \[[@pbio.3000740.ref034]\]. The ideal parameter set is reached when (1) all experiments are correctly predicted, (2) the AP triggering sequence of [Fig 4C](#pbio.3000740.g004){ref-type="fig"} is correctly calculated, (3) the maximum of double-deflection experiments trigger two APs, and (4) parameters are within reasonable physical and biological bounds.

Bringing it all together---Predictions of the ECB model {#sec016}
-------------------------------------------------------

Mechanical stimulation on the sensory hair is calculated for the angular velocity *ω*∈ \[0.01,100\] rad s^−1^ and maximum angular deflection *θ*~*max*~∈ \[0,0.6\] rad and comprises the advance and return phases, as well as resting periods of 1 s between repeated deflections. Opposite to experiments, the ECB allows predictions for the entire parameter space given by maximum angular deflection *θ*~*max*~ and deflection rate *ω*. Depending on selected parameters, one finds regions where three, two, or even one deflection is sufficient to trigger trap closure, bordered by zones where no triggering can be achieved (see [Fig 3](#pbio.3000740.g003){ref-type="fig"}). In all triggering zones, two APs are sufficient for trap closure; however, by further deflecting the hair, or even during resting periods, additional APs can be elicited. As a matter of fact, even the strongest possible desensitization that only depends on the charge of the RP cannot avoid multiple firing. Several procedures for additional desensitization in form of *Q*~*STM*~ feedback or as function of *n*~*AP*~ were implemented but, because of a lack of experimental insight, not further explored. Note that the single-deflection zone must be bounded by the multiple-deflection zones. When deflection rates are too small (*ω* \< 0.04 rad s^−1^), RP buildup is not sufficient to make up for the charge decay. On the contrary, when *ω* is too large, the limited flux, as well as the refractory period *t*~*RP*~, prevents the buildup of a critical charge amount. For multiple deflections, the resting period of 1 s between deflections exceeds *t*~*RP*~ and, therefore, does not impact the charge buildup. On the contrary, the maximal flux limitation prevents triggering of APs with more than two deflections at high *ω*. Independent of the number of deflections required, the model shows quite a broad zone of maximal sensitivity. However, one should consider that velocities below 1 rad s^−1^ represent rather slow deflections.

In [Fig 3](#pbio.3000740.g003){ref-type="fig"}, the parameters were selected as *τ*~*RP*~ = 0.64 s, *τ*~*STM*~ = 39.71 s, $Q_{RP}^{th}$ = 1 μC, $Q_{STM}^{th}$ = 10 μC, and *Q*~*AP*~ = 6 μC, and *t*~*RP*~ = 1.03 s, ${\overset{˙}{Q}}_{RP}^{lim}$ = 93.2 μC s^−1^, and hair sensitivity of *k* = 40.2 μC rad^−1^ were selected within reasonable bounds to fit the experimental data for triggering by single and double deflections. Additionally, the optimization gave values for *a* = 1.99, and *c* = 3.48. The experimental points resemble the values for trap closure of angular deflection and angular velocity (see [Fig 3](#pbio.3000740.g003){ref-type="fig"}). Using polynomial chaos expansion, we calculated the relative importance of the variance of each model input parameter for the variance of the model prediction accuracy. The resulting Sobol indices revealed a dominating influence of the sensitivity parameter *k*. Note that contrary to the model, in reality all parameters would be a function of temperature and exhibit a rather broad distribution.

The model explains the observed behavior in the entire parameter space and establishes the connection between the mechanical stimuli, APs, and subsequent trap closures, previously considered in separate ways \[[@pbio.3000740.ref010], [@pbio.3000740.ref020], [@pbio.3000740.ref032]\]. Even though simplifying assumptions for relations and parameters were necessary, the available experimentally observed behavior can be explained consistently. The release of more than two APs per deflection is controlled by the charge dependence of the mechanotransduction rule and predicted with the parameters chosen for the model but will be addressed experimentally in the future.

Supporting information {#sec017}
======================

###### Double-deflection experiments.

\(A\) Torque versus angular velocity plot for the double-deflection experiments shown in [Fig 1B](#pbio.3000740.g001){ref-type="fig"}. (B) Visualization of the force needed to sufficiently deflect a hair for double-deflection triggering. (C) Torque versus angular velocity plot for the single-deflection experiments shown in [Fig 4B](#pbio.3000740.g004){ref-type="fig"}. For the underlying data, see sheets S1A Fig and S1C Fig in [S1 Data](#pbio.3000740.s007){ref-type="supplementary-material"}.

(EPS)

###### 

Click here for additional data file.

###### Summary of all the mechanical stimuli that resulted in trap closure.

For the underlying data, see sheet S2 Fig in [S1 Data](#pbio.3000740.s007){ref-type="supplementary-material"}.

(EPS)

###### 

Click here for additional data file.

###### Single deflections without any prestimulation of the sensory hairs can lead to trap closure.

(A-B) The traps triggered during bending (on the way in) and (C-D) triggered at the end of the return (on the way out). These experiments did not have preceding, nontriggering deflections and were therefore not included in [Fig 4B](#pbio.3000740.g004){ref-type="fig"}. For the underlying data, see sheets S3A Fig to S3D Fig in [S1 Data](#pbio.3000740.s007){ref-type="supplementary-material"}.

(EPS)

###### 

Click here for additional data file.

###### Double deflection of a sensory hair leading to two APs and trap closure.

The sensor-probe position (motion in *x* direction), the force at the deflection force sensor, and the measured APs are displayed next to the movie ([Fig 1C](#pbio.3000740.g001){ref-type="fig"} is from this movie). AP, action potential.

(AVI)

###### 

Click here for additional data file.

###### Single deflection of a sensory hair leading to trap closure.

At slow angular velocities, a single deflection is sufficient to trigger trap closure. The trap shown was not prestimulated, demonstrating that single-deflection closure is solely depending on the angular velocity at a sufficiently large deflection and is not the result of a summation effect due to previous subthreshold stimuli. This video also demonstrates that the sensory hair bends mainly at the constriction whereas the lever is hardly deformed. The trap does not move when the sensory hair is deflected.

(AVI)

###### 

Click here for additional data file.

###### Single deflection of a sensory hair leading to two APs shortly after one another during initial bending, resulting in trap closure.

The sensor-probe position (motion in *x* direction), the force at the deflection force sensor, and the measured APs are displayed next to the movie ([Fig 4C](#pbio.3000740.g004){ref-type="fig"} is from this movie). AP, action potential.

(AVI)

###### 

Click here for additional data file.

###### Raw data.

This file contains all the raw data underlying the plots presented in Figs [1](#pbio.3000740.g001){ref-type="fig"}, [3](#pbio.3000740.g003){ref-type="fig"}--[5](#pbio.3000740.g005){ref-type="fig"}, and [S1](#pbio.3000740.s001){ref-type="supplementary-material"}--[S3](#pbio.3000740.s003){ref-type="supplementary-material"} Figs.

(XLSX)

###### 

Click here for additional data file.
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Reviewers' comments

Rev. 1:

This is a highly interesting study of how the Venus flytrap closure is triggered. Is main strength is the simultaneous measurement of the force applied to the sensory hair, of the electric potential, and of the force associated with trap closure. However, the study and the writing suffer from a number of weaknesses. The data could be better used and the presentation could be greatly improved.

MAJOR

1\) The authors make the implicit assumptions that sensing occurs at the base of the hair, that the hair remain straight, and that angular velocities at the base can be computed using displacement and distance from base. What is the evidence that angles are more relevant? (For instance, experiments on the same hair at different distances from the base.) How straight are hairs during force application? (One of the movies gives the impression that the hair bends.)

2\) There is some inconsistency about what is sensed. It is stated based on preliminary experiments that the flytrap is sensitive to angular velocity, whereas Fig 1E implies that a total angular displacement is sensed. The authors could make a better use of their data on closure triggered by single deflection to check whether closure is better predicted by cumulated angle, by cumulated absolute velocity, or by another combined quantity.

3\) What are the variations with velocity/angle of the delay between APs and closure? Is this predicted by the model?

4\) If mechanosensitive channels are involved, how do the authors explain that both positive and negative angular velocity contribute to closing? This should be a discussion point.

5\) What is the precision of the different measurements?

6\) What is the justification for the forms of the equations used in the model? (Types of functions chosen, etc.)

7\) How were model parameters chosen? Is it eye-balling or was a systematic fitting procedure applied (the former is not acceptable). How sensitive are the results to parameter values?

MINOR

1\) Acronyms are overused.

2\) Captions are not always sufficiently detailed.

3\) How comparable are the operating velocity and natural velocities associated with preys?

4\) Figure 2B is confusing. Perhaps specify \"Number of deflections to trigger closure\".

Rev. 2:

The authors study the touch sensitivity of the carnivorous Venus flytrap in the context of animal prey recognition. This is a topic of great interest to the reader of PLOS Biology. The authors have developed an electromechanical model from which they suggest that, under certain circumstances, one touch is sufficient to generate two action potentials. This model challenges findings well documented by other labs that two APs are required to close the trap. Do the author\'s experiments support their hypothesis?

General comment:

A recent Scientific Reports paper by Poppinga et al. discussing the two trigger hair biomechanics and -electrics papers published

Scherzer, S. et al. Venus flytrap trigger hairs are micronewton mechano-sensors that can detect small insect prey. Nat Plants. 5, 670-675 (2019).

and the bioRxiv version

Burri, J. T. et al. The mechanical basis for snapping of the Venus flytrap, Darwin\'s \'most wonderful plant in the world\'. bioRxiv. <https://doi.org/10.1101/697797> (2019).

of the PLOS Biology paper under discussion side by side.

Why the authors did not discuss the findings of Scherzer et al. 2019 publicly available since some time?

Questions/Answers:

Authors: Our results confirm the model\'s predictions, suggesting that the Venus flytrap may be adapted to a wider range of prey movement than previously assumed.

Question: What is the evolutionary advantage of a system able to respond to a single touch that is equivalent to background noise?

Comment: The authors have not addressed the fact that Dionaea can catch animals of different size from large and small traps, with the latter growing trigger hairs that are more sensitive to force (Ref 18).

Authors: The mechanical basis for snapping of the Venus flytrap, Darwin\'s \`most wonderful plant in the world\'

Comment: Why is Darwin\'s statement in the title and first sentence of the introduction in a paper on biomechanics and electrics of the trigger hair that very likely is not understood by general readers of PLOS Biology?

Authors: .. starting with the observations made by Moses A. Curtis in the 1830s \[2\].

Comment: The observations that Moses A. Curtis made should be stated clearly.

Authors: Previous attempts to correlate the mechanical stimuli to the generation of APs ... were not quantitative, or the experiments were done in vitro using dissected traps \[18\].

Comment: When reading Ref 18, this statement appears incorrect and misleading. In contrast to the authors\' statement, experiments in Ref 18 were conducted with intact Dionaea plants.

Authors: To overcome these shortcomings, we used a microelectromechanical (MEMS)-based force sensor mounted on a microrobotics system to precisely control the velocity and amplitude of the deflection and to simultaneously measure the applied force in vivo

Comment: Why was it necessary to measure the snap force and repeat experiments performed by Volkov et al., 2012? What extra information could be gained compared to a simple video observation of the closing movement?

Most importantly, the experimental setup used to measure snap force has likely interfered with the recording of surface action potentials, because two metallic arms were in direct contact with the inner surface of both trap lobes (line 251). The tissue of the inner trap lobe is electrically excitable and action potentials can be generated just by mechanical stimulation of its surface. Thus, any small movements of the trap relative to the metallic levers (e.g. due to vibrations, particularly during the high accelerations involved in the piezo movements) can stimulate the trap (at a different location), leading to complex artefacts.

Authors: Reasoning that hair deflection induced by spiders, ants, and flies, i.e. the \'classical\' prey of D. muscipula \[19\], would be rather quick, we operated the microrobotics system at full speed to simulate these stimuli, resulting in high initial angular velocities ranging from 10 to 20 rad s-1.

Question: To understand the authors\' reasoning, readers need to know how fast typical Dionaea prey move and how far trigger hairs get bent upon collision with typical prey animals. The angular velocities used here are actually higher than the range observed for deflections of running ants in Ref 18 (14.5 to 448°/s, corresponding to 0.25-7.8 rad/s).

Authors: If the trap did not close, we waited for 2 min to make sure that the RP was completely reset.

Comment: Surface electrodes in general and those the authors used in particular do not monitor the receptor potential, not even the membrane potential (Volkov, 2018).

Moreover, the authors have not considered several important early publications, which contain detailed results relevant to the issue in question:

\- Macfarlane, J. M. (1902). Contributions to the history of Dionaea muscipula Ellis. Contr. Bot. Lab. Univ. Pennsylvania I, 1, 7-44.

\- Brown, W. H. and Sharp, L. W. (1910). The closing response in Dionaea. Bot. Gaz. 49, 290-302.

\- Brown, W.H. (1916) The mechanism of movement and the duration of the effect of stimulation in the leaves of Dionaea. Am. J. Bot. 3, 68-90

The 3 independent studies mentioned above, conducted extensive series of repeated trigger hair stimulations, with varying pauses between them. The different authors agreed that at least two mechanical stimuli are necessary to produce closure of Dionaea leaves. It was found that trap closure can occur for consecutive trigger hair stimulations even when these were separated by pauses of 2 min or longer (although the number of stimuli required for trap closure increased as the time period between successive stimuli was expanded). This means that the 2-min recovery time used in this study was clearly insufficient for resetting the sensory system. Hence, what is interpreted as trap closure after one deflection might actually represent the result of the cumulation of consecutive subthreshold trigger hair stimulations that finally pass the threshold.

Authors: Then the procedure was repeated with increasing angular displacements until the snapping mechanism was triggered (Fig 1C and 1D), which was the case when a median displacement threshold of = 0.18 rad or a median torque threshold of = 0.8 μNm (n=21) was reached (Fig 1E and S1A Fig). Therefore, an animal has to apply twice a force F around 0.5mN close to the tip of the sensory hair, or up to 5mN close to the constriction (S1B Fig) to trigger closure.

Question: The same question as before: are these numbers relevant to the trigger hair-prey interactions observed in real life? Are these forces in a physiological range?

The sensitivity reported here is lower than that recorded in ref 18 (mean thresholds for hair displacement in large traps: 0.078 rad and torque: 159.5 nNm).

Could the result the authors have recorded, result from rather artificial experimental protocol conditions, in particular high angular velocities? (what were the actual angular velocities for these tests?). Maybe higher forces are found because of an unfixed trap. If stimulation moves the entire trap as well as the sensory hair, inaccurate values will result.

Authors: When the two consecutive deflections were well below the displacement threshold, we never observed an AP. For deflection amplitudes near the displacement threshold, a single AP was elicited after the second deflection. This indicated that both deflections contribute to the RP, and that the AP induction threshold was only reached with the second deflection.

Question: Without having measured the membrane potential of the mechanosensitive AP-generating TH cells, the authors are not allowed to come to conclusions about electrical phenomena in the actual trigger hair. Thus, statements remain pure speculations.

Authors: .. we deflected the sensory hairs far beyond the angular displacement threshold and kept that position for 30 s (Fig 1F).

Comment: This situation is very artificial. What should readers learn from the outcome of the experiment about the biology of trigger hair-prey interactions?

Authors: If sustained displacement had contributed to the RP, it should have remained above the threshold, in which case we would expect a series of APs.

Comment: This is pure speculation again, because the authors have used surface potential electrodes only rather than placing a sharp voltage recording microelectrode in the trigger hair bending zone (Benolken et al. 1970 and Hodick, Sievers. 1988) and thus have no clue about triggered membrane potential changes in the mechanosensor. Therefore the statement \".. the deflection rate plays a pivotal role to build up the RP while static deflections do not contribute\" is too far-fetched and in stark contrast to previous work (Benolken et al., 1970; Volkov et al., 2008). Moreover, the ECB model would benefit from high-resolution membrane potential recordings able to resolve the charge increment ΔQ and the RP and thus the threshold for closure.

Authors: Based on these findings, we developed a simple model to explore the limits of angular displacement and velocity within which the traps would react. In our electromechanical charge buildup model, a mechanical deflection leads to a charge buildup of the RP ..

Comment: What is the value of a model on the behaviour of the RP without having measured it?

All the authors did is measure the trap surface potential that is no more nor less than a qualitative proxy of the AP generated in the TH.

Authors: If the accumulated charges surpass a certain threshold value, an AP is elicited.

Comment: This fact is neither in question nor new, but was already documented by papers from the Volkov lab before. By the way, induction of AP in response to charges accumulated that pass a certain threshold is not a trigger hair-specific feature but applies to, for example, the midrib as well (Volkov et al., 2008).

Authors: .. we observed trap closure induced by single deflections at lower angular velocities. To narrow down the range in which this occurs, we repeatedly deflected the same sensory hair with varying angular velocities until the trap closed.

Comment: This experimental scenario again was not linked to any kind of trigger hair-prey collision observed in vivo. What does the reader learn from the results obtained? How many action potentials were triggered by these single deflections? Only two, such as in experiments shown in Fig 3C/D? Were 2 APs always triggered before the trap closed? This information should be provided for all experiments.

Authors: Between two consecutive deflections, we waited 2 min for the trap to recover and any RP to dissipate.

Comment: (see comment above)

This is again pure speculation, because the authors have not measured the TH RP.

Authors: .. the closing torque around the midrib close with a median of 0.65mNm is a better quantity to characterize the trap\'s closing force (Fig 4C). The delay time, i.e., the time between the mechanical stimulus and the start of trap closure, was 0.6 0.3 s (mean s.d., n = 18), which is in the same range as the 0.4 s previously reported \[25\].

Comment: The time resolution of the force sensor is probably not too well suited to mechanical stimulus and the start of trap closure. Why not compare delay times with those obtained with non-invasive optical methods?

Authors: In a natural situation, when the deflection is fast and the angular displacement large enough, i.e. when an insect touches the sensory hair, the RP threshold is reached and a single AP is generated. In the case of a slower deflection, the RP threshold is reached during the deformation, eliciting an AP while the membrane is still under strain, thus reaching a second RP threshold during the same deflection. A second AP and trap closure are the consequence. Since the velocity range for single-touch snapping is far below that of the classical Venus flytrap prey, we can only speculate about the relevance of this observation in nature.

Comment: In the Discussion the authors themselves conclude that their experimental settings were non-natural. So why should the reader bother about a situation that is not natural?

Authors: \... either a maximum force F or a maximum linear displacement d is set to define the maximum deflection (Fig 6D).

Comment: For which experiments was force feedback control used? No data appear to be shown in the paper. What was the angular velocity in this case?

Authors: Video S2.

Comment: It is not clear how angular deflection was extracted from this experiment. First, it appears that the force transducer and the direction in which it moves are not perpendicular to the axis of the hair. In the beginning of the deflection, the sensor can be seen moving to the left (and probably downward), deflecting the trigger hair to the left, but at 11 sec, the trigger hair snaps off the sensor tip, resulting in a movement further to the left (and probably upward). Second, the deflection is obviously influenced by the closing movement of the trap but this is not reflected in the angular displacement trace in Fig.3C. Third, the point of force application seems to move slightly towards the hair tip during the experiment. Fourth, the video is not fully synchronised with the force trace (the trap movement at 3.8 sec can be seen in the video before the change in the force).

Authors: Figure 3A,B

Comment: It seems that amplitude and angular velocity were varied simultaneously in these experiments, making it difficult to study the effects of one particular factor.

Authors: Fig 1C - 2 consequent touches were carried out within one second, and the trap closure was examined.

Comment: I wonder about the high frequency of stimulation. Since the AP lasts over one second (see Fig 1 C 193 s) is it ok to stimulate faster? Ref 18 reported desensitization at frequencies above 0.25Hz (one touch every 4 s). What is the physiological stimulation frequency?

Authors: line 67: Volkov Ref 20

Comment: this is supposed to be \#23.

\- line 97: ´the higher boundary was\`...

Comment: Where are the data shown? Is the setup able to precisely perform such quick and far movements?

\- line 98: ´Additionally, we performed another set...\`

Comment: Where can the reader find the data?

Conclusion:

Most of the findings the authors present are not new.

Confirmatory results are, however, not discussed in the context of previous findings by other labs.

The experiments performed to support a model scenario of one strike gaining 2 APs appear ill defined, and artefacts resulting from insufficient pauses between stimulations, and interference from the snap force measurement have not been considered.

The authors concluding about the RP of the trigger hair AP generating cells without measuring the membrane potential is a No-Go in bioelectrics.

10.1371/journal.pbio.3000740.r003
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13 Mar 2020

Dear Ueli,

Thank you very much for submitting a revised version of your manuscript \"The mechanical basis for snapping of the Venus flytrap, Darwin\'s \'most wonderful plant in the world\'\" for consideration as a Research Article at PLOS Biology. This revised version of your manuscript has been evaluated by the PLOS Biology editors, the Academic Editor and the two original reviewers.

As you will see, the reviewers seem mostly convinced by the experiments that you have added to the revision. Reviewer 1 would like you to include to the Discussion a couple of points you make in the rebuttal, whereas Reviewer 2 raises several issues that remain unclear. In addition, this reviewer recommends you to add an experiment to show single-touch triggering of plants with no stimulation history (point 7). After discussing the reviews with the Academic Editor, we have decided not to insist in this last experiment and make it optional for publication. Please address/discuss the other points raised.

We anticipate the revision should not take you very long. We will then assess your revised manuscript and your response to the reviewers\' comments and we may consult the reviewers again.

We expect to receive your revised manuscript within 1 month.

Please email us (<plosbiology@plos.org>) if you have any questions or concerns, or would like to request an extension. At this stage, your manuscript remains formally under active consideration at our journal; please notify us by email if you do not intend to submit a revision so that we may end consideration of the manuscript at PLOS Biology.

\*\*IMPORTANT - SUBMITTING YOUR REVISION\*\*

Your revisions should address the specific points made by each reviewer. Please submit the following files along with your revised manuscript:

1\. A \'Response to Reviewers\' file - this should detail your responses to the editorial requests, present a point-by-point response to all of the reviewers\' comments, and indicate the changes made to the manuscript.

\*NOTE: In your point by point response to the reviewers, please provide the full context of each review. Do not selectively quote paragraphs or sentences to reply to. The entire set of reviewer comments should be present in full and each specific point should be responded to individually.

You should also cite any additional relevant literature that has been published since the original submission and mention any additional citations in your response.

2\. In addition to a clean copy of the manuscript, please also upload a \'track-changes\' version of your manuscript that specifies the edits made. This should be uploaded as a \"Related\" file type.

\*Resubmission Checklist\*

When you are ready to resubmit your revised manuscript, please refer to this resubmission checklist: <https://plos.io/Biology_Checklist>

To submit a revised version of your manuscript, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' where you will find your submission record.

Please make sure to read the following important policies and guidelines while preparing your revision:

\*Published Peer Review\*

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. Please see here for more details:

<https://blogs.plos.org/plos/2019/05/plos-journals-now-open-for-published-peer-review/>

\*PLOS Data Policy\*

Please note that as a condition of publication PLOS\' data policy (<http://journals.plos.org/plosbiology/s/data-availability>) requires that you make available all data used to draw the conclusions arrived at in your manuscript. If you have not already done so, you must include any data used in your manuscript either in appropriate repositories, within the body of the manuscript, or as supporting information (N.B. this includes any numerical values that were used to generate graphs, histograms etc.). For an example see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>

\*Blot and Gel Data Policy\*

We require the original, uncropped and minimally adjusted images supporting all blot and gel results reported in an article\'s figures or Supporting Information files. We will require these files before a manuscript can be accepted so please prepare them now, if you have not already uploaded them. Please carefully read our guidelines for how to prepare and upload this data: <https://journals.plos.org/plosbiology/s/figures#loc-blot-and-gel-reporting-requirements>

\*Protocols deposition\*

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <https://journals.plos.org/plosbiology/s/submission-guidelines#loc-materials-and-methods>

Thank you again for your submission to our journal. We hope that our editorial process has been constructive thus far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Ines

\--

Ines Alvarez-Garcia, PhD

Senior Editor

PLOS Biology

Carlyle House, Carlyle Road

Cambridge, CB4 3DN

+44 1223--442810

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

Reviewers' comments

Rev. 1:

The authors have addressed most of my concerns. Additional points about the response:

\"Using angles allows us to normalize for different contact heights and different sensory hair geometries. We have good evidence that the sensory hair bends mainly at the constriction, whereas the shaft is hardly deformed.\"

This needs to be stated explicitly in the manuscript.

\"Using angles allows us to normalize for different contact heights and different sensory hair geometries. We have good evidence that the sensory hair bends mainly at the constriction, whereas the shaft is hardly deformed. \"

Please include this as a brief discussion point.

Rev. 2:

The sensory biology of plants in general and carnivorous plants in detail will attract the broad readership of PlosBiology.

Authors rebuttal: Our mechanical data are largely in agreement with those recently published by Scherzer and colleagues, ..

Comment: The unexpected new finding of the authors is that a trigger hair of Dionaea has to be touched only once to close the snap trap.

The author\'s observation, however, not only \"contradict the old dogma that two deflections are necessary to provoke trap closure\" but also the very similar study that was published in Nature Plants recently. The reader of the PlosBiology paper thus expects the finding of \"one strike is enough\" to be sufficiently supported by experimental evidence. In response to the initial version, this referee asked - because of the lack of experimental data - for the authors to tone down assumptions about the MS channels and behaviour of the resting potential (RP). Furthermore, the authors were asked to increase the delay in stimulation to more than just 2 min and in an independent test series use traps that were not stimulated before. The authors, however, have ignored these reasonable suggestions completely. Since the authors\' studies were not submitted to a journal specialising in biomechanics/biophysics but PlosBiology, the reader of a biology journal needs to see the new \"one touch is enough\" finding discussed in a biological and evolutionary context.

Detailed comments and questions:

Title:

1\. Comment: To get informed about the new findings right away, the reader should learn already from the title that mechanical and electrical properties of the trigger hair allow the trap to close after one stimulation

Abstract:

Authors: Our results confirm the model\'s predictions, suggesting that the Venus flytrap may be adapted to a wider range of prey movement than previously assumed.

2\. Comment: The readers have fund situations where the trap closes after one stimulation. Is 1 the \"wider range\" to 2? Does the model propose situations where more than 2 touches would be required to close the trap? In this context it should be mentioned that

in their PNAS paper Escalante-Pérez et al. (2011) showed Dionaea under water stress required more than 2 touch APs to close the trap.

Introduction:

Authors: Although there is a general agreement that sensory hair deflection opens mechanosensitive ion channels, such channels have not yet been identified \[17, 18\].

3\. Comment: In Arabidopsis and genomes of other plants as well MSLs and OSCAs have been identified as mechanosensitive channels of different force sensitivity and ion (Cl- vs Ca2+) selectivity. Without knowing which MS channels of which properties are expressed in the trigger hair of Dionaea, how could the authors derive a proper model on touch induced APs?

Authors: Previous attempts to correlate the mechanical stimuli to the generation of APs suffered from the lack of appropriate instrumentation \[10, 19\] and thus were not quantitative, or the experiments were done in vitro using dissected traps \[20\]. To overcome these shortcomings, we used a microelectromechanical (MEMS)-based force sensor mounted on a microrobotics system to precisely control the velocity and amplitude of the deflection and to simultaneously measure the applied force in vivo (Fig 1A and 1B, and 5).

.. and

In addition, using a non-invasive method, we measured APs to test the deflection conditions under which they are generated.

4\. Comment: this statement is wrong! Ref. 20 had used a \"system to precisely control the velocity and amplitude of the deflection and to simultaneously measure the applied force in vivo\". Cutting of one lobe from the trap on an otherwise intact plant the authors cannot classify \"in vitro\". The reader also should not be given the wrong impression that Jacobson and Benolken \[19\] having performed with excised (ex planta) trigger hairs represent in vivo (in planta) studies.

Results:

5\. Receptor potential: The paper is so imprecisely written in many places that the general reader and even reviewer \#1 believe that receptor potentials are measured after all.

When mentioning receptor potential in Results, the authors should clearly state that they in their study did not measure receptor potential features but assume it.

Without measuring RPs under their experimental conditions, the authors have to make clear what is fact and what is speculation when talking about RPs.

Authors: These results suggest that a fast deflection of the sensory hair increases the RP to a certain level, which depends on the amplitude of the angular deflection. RPs can add up and may elicit an AP after several deflections if they are below the deflection threshold.

6\. Comment: How come the authors think that a voltage drop of certain amplitude suffices to initiate an AP in the trigger hair podium? In plants, electrical signals are associated with cytoplasmic Ca2+ signals. In the giant alga Chara system, mechanical stimulation elicits RPs as well as APs, after 50 years of research it is not yet clear how mechanistically the RP translates into an AP but clearly shows that cytoplasmic Ca2+ is a key player (Shepherd et al. 2008 and papers cited).

Authors: Although a summation effect was reported in these publications, at least five deflections spaced by 2 min were necessary to induce trap movements, which were always slow and/or partial \[23-25\]. After the dwell time, the procedure was repeated with increasing angular displacements until the snapping mechanism was triggered (Fig 1C and 1D).

7\. Comment: Using traps without a pre-stimulation history the authors should show that the trap can close on one applying an above critical angular displacement. The result of this experiment will support or falsify the authors prediction and thus is a must.

At the IPBC congress a poster (provided to the PlosBiology editor) was presented showing that Dionaea plants were generated that express the genetically encoded cytoplasmic Ca2+ sensor. With a single touch the Ca2+ in the bending zone of trigger hair podium rises but stays blow the threshold required for trap closure. Upon the 2nd touch Ca2+ level passes the threshold and the trap closes. The authors have not observed that a single touch causes Ca2+ to rise to an extent that is able to close the trap.

Discussion:

Authors: We performed all of our experiments on intact plants. In our hands, detachment or bisection of the traps quickly led to partial dehydration and lower forces were necessary to deflect the sensory hair.

8\. Comment: Such statement without having presented data is a no-go in science. Authors are asked to describe in detail the experimental procedure, documenting what the authors call \"partial dehydration\" and showing statistically significant results. From the information provided, interested readers must be able to repeat the experiment and confirm the findings published in Plos Biology.

When showing and discussing the so far \"not shown data\" the authors may explain to the reader how partial dehydration could increase the mechanical sensitivity of the trigger hair. Why? In the PNAS paper Escalante-Pérez et al. (2011) observed the opposite phenomenon. When Dionaea suffers from drought \"partial dehydration\" the capacity for trap closure is reduced. In Forterre et al. Nature (2005) even excised traps were well suited kinematic and mechanical measurements that provided the basis to model the biomechanics of trap closure. So far there was no study showing that intact traps on the plant and those with one lobe removed respond differentially to mechanical stimulation.

Authors: Since the velocity range for single-touch snapping is far below that of the classical Venus flytrap prey, we can only speculate about the relevance of this observation in nature. However, one can imagine that it could be an advantage for catching slower prey animals, such as slugs, snails or larvae, which may not touch a hair twice within a 30 s time span but for which anecdotal evidence suggests can be prey.

9\. Comment: this statement cannot go without proper citation. How often if at all have slugs, snails or larvae been found in closed flytraps in their natural environments? YouTube videos showing all kinds of small animals could be offered as meal for Dionaea, is not of any biological relevance.

10.1371/journal.pbio.3000740.r005
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22 Apr 2020

Dear Ueli,

Thank you for submitting your revised Research Article entitled \"A single touch can be enough: quantitative measurements of mechanical parameters shed light on the snapping mechanism of the Venus flytrap\" for publication in PLOS Biology. I have now obtained advice from the original academic editor and discussed the revision with the team of editors.

We\'re delighted to let you know that we\'re now editorially satisfied with your manuscript. However before we can formally accept your paper and consider it \"in press\", we also need to ensure that your article conforms to our guidelines. A member of our team will be in touch shortly with a set of requests. As we can\'t proceed until these requirements are met, your swift response will help prevent delays to publication. Please also make sure to address the data and other policy-related requests noted at the end of this email.

\*Copyediting\*

Upon acceptance of your article, your final files will be copyedited and typeset into the final PDF. While you will have an opportunity to review these files as proofs, PLOS will only permit corrections to spelling or significant scientific errors. Therefore, please take this final revision time to assess and make any remaining major changes to your manuscript.

NOTE: If Supporting Information files are included with your article, note that these are not copyedited and will be published as they are submitted. Please ensure that these files are legible and of high quality (at least 300 dpi) in an easily accessible file format. For this reason, please be aware that any references listed in an SI file will not be indexed. For more information, see our Supporting Information guidelines:

<https://journals.plos.org/plosbiology/s/supporting-information>

\*Published Peer Review History\*

Please note that you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. Please see here for more details:

<https://blogs.plos.org/plos/2019/05/plos-journals-now-open-for-published-peer-review/>

\*Early Version\*

Please note that an uncorrected proof of your manuscript will be published online ahead of the final version, unless you opted out when submitting your manuscript. If, for any reason, you do not want an earlier version of your manuscript published online, uncheck the box. Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us as soon as possible if you or your institution is planning to press release the article.

\*Protocols deposition\*

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <https://journals.plos.org/plosbiology/s/submission-guidelines#loc-materials-and-methods>

\*Submitting Your Revision\*

To submit your revision, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' to find your submission record. Your revised submission must include a cover letter, a Response to Reviewers file that provides a detailed response to the reviewers\' comments (if applicable), and a track-changes file indicating any changes that you have made to the manuscript.

Please do not hesitate to contact me should you have any questions.

Best wishes,

Ines

\--

Ines Alvarez-Garcia, PhD

Senior Editor

PLOS Biology

Carlyle House, Carlyle Road

Cambridge, CB4 3DN

+44 1223--442810

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

DATA POLICY:

Many thanks for sending us the data underlying all the graphs. Please also ensure that figure legends in your manuscript include information on WHERE THE UNDERLYING DATA CAN BE FOUND (in both main and supplementary figures).

Please ensure that your Data Statement in the submission system accurately describes where your data can be found.

10.1371/journal.pbio.3000740.r007
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26 May 2020

Dear Dr Grossniklaus,

On behalf of my colleagues and the Academic Editor, Mark Estelle, I am pleased to inform you that we will be delighted to publish your Research Article in PLOS Biology.

The files will now enter our production system. You will receive a copyedited version of the manuscript, along with your figures for a final review. You will be given two business days to review and approve the copyedit. Then, within a week, you will receive a PDF proof of your typeset article. You will have two days to review the PDF and make any final corrections. If there is a chance that you\'ll be unavailable during the copy editing/proof review period, please provide us with contact details of one of the other authors whom you nominate to handle these stages on your behalf. This will ensure that any requested corrections reach the production department in time for publication.

Early Version

The version of your manuscript submitted at the copyedit stage will be posted online ahead of the final proof version, unless you have already opted out of the process. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

PRESS

We frequently collaborate with press offices. If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximise its impact. If the press office is planning to promote your findings, we would be grateful if they could coordinate with <biologypress@plos.org>. If you have not yet opted out of the early version process, we ask that you notify us immediately of any press plans so that we may do so on your behalf.

We also ask that you take this opportunity to read our Embargo Policy regarding the discussion, promotion and media coverage of work that is yet to be published by PLOS. As your manuscript is not yet published, it is bound by the conditions of our Embargo Policy. Please be aware that this policy is in place both to ensure that any press coverage of your article is fully substantiated and to provide a direct link between such coverage and the published work. For full details of our Embargo Policy, please visit <http://www.plos.org/about/media-inquiries/embargo-policy/>.

Thank you again for submitting your manuscript to PLOS Biology and for your support of Open Access publishing. Please do not hesitate to contact me if I can provide any assistance during the production process.

Kind regards,

Alice Musson

Publishing Editor,

PLOS Biology

on behalf of

Ines Alvarez-Garcia,

Senior Editor

PLOS Biology
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